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Satellite-Based Energy Balance to Assess Within-Population
Variance of Crop Coefficient Curves
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Abstract: Quantifying evapotranspiration(ET) from agricultural fields is important for field water management, water resources
ning, and water regulation. Traditionally, ET from agricultural fields has been estimated by multiplying the weather-based refere
crop coefficientssKcd determined according to the crop type and the crop growth stage. Recent development of satellite remo
ET models has enabled us to estimate ET andKc for large populations of fields. This study evaluated the distribution ofKc over space an
time for a large number of individual fields by crop type using ET maps created by a satellite based energy balance(EB) model. Variation
of Kc curves was found to be substantially larger than that for the normalized difference vegetation index because of the i
random wetting events onKc, especially during initial and development growth stages. Two traditionalKc curves that are widely used
Idaho for crop management and water rights regulation were compared against the satellite-derivedKc curves. Simple adjustment of t
traditionalKc curves by shifting dates for emergence, effective full cover, and termination enabled the traditional curves to beKc

curves as determined by the EB model. Applicability of the presented techniques in humid regions having higher chances of cl
was discussed.
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Introduction

For more than 30 years, the primary method for estimating ev
transpiration(ET) has been from reference ET and crop co
cient sKcd curves(Jensen 1973; Allen et al. 1998). Crop coeffi-
cients generally found in literature, such as by Doorenbos
Pruitt (1977), Wright (1981, 1982, and 1995), Snyder et a
(1989a, 1989b), Jensen et al.(1990), and Allen et al.(1998),
represent average to optimum agricultural management
well-watered conditions. These coefficients are typically d
mined from point-based measurements, and are unable to de
the variation inKc for the large population of fields in a regi
because “mean”Kc curves must represent a single averaged
growth and water management condition. ActualKc populations
have inherent variation because of variation in crop variety,
gation method, weather, soil type, salinity and fertility, an
field management that can be different from the field use
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establish the literature values. This is especially true under
limiting or extreme salinity conditions. Quantification and ch
acterization ofKc populations for various crops in a region wo
be valuable in defining average water use by crop type unde
conditions and the range in water use. This type of informa
can be helpful in determining impacts of water scarcity or n
for remedial help in improving water or agronomic managem

Alternative means for estimating field-scale ET include s
lite image-based remote sensing methods. These methods
be divided into two categories: empirical/statistical approa
and energy balance(EB) approaches. Empirical/statistical a
proaches correlate ET either to air–surface temperature d
ences such as reported by Caselles et al.(1998), or to vegetatio
indices as frequently used for “basal”Kc estimation for agricu
tural crops(Neale et al. 1989; Choudhury et al. 1994; Hunsak
al. 2003). On the other hand, EB approaches derive ET thro
completing a full energy balance computation using methods
as a two-layer model and the dual-temperature-difference m
developed by Norman et al.(1995 and 2000), surface energy ba
ance algorithms for land(SEBAL) model (Bastiaanssen et a
1998a), and evaporation fraction estimation method forMODIS
(Nishida et al. 2003). In this study, a satellite-based EB mod
which is a variant of the SEBAL model, was applied to determ
actual Kc for a large number of agricultural fields in south
Idaho. Crop coefficients derived from the EB model are comp
to widely usedKc curves in Idaho, and the potential and appl
bility of satellite basedKc curves are discussed.

Energy Balance Model

The SEBAL is an ET estimation approach based on satellite

ages via the computation of a land surface energy balance meth-
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odology developed by Bastiaanssen(Bastiaanssen et al. 1998
Bastiaanssen 2000). The model has been tested at a numbe
locations especially in arid–semiarid regions including Sp
Italy, Turkey, Pakistan, India, Sri Lanka, Egypt, Niger, and Ch
(Bastiaanssen et al. 1998b; Bastiaanssen and Bos 1999; He
mara et al. 2003; 2005). The EB model used in this study is
variant of the SEBAL model of Bastiaanssen(Bastiaanssen et a
1998a), extended by the Univ. of Idaho(Tasumi et al. 2000, 200
Allen et al. 2002, 2003) for applications in the western Unit
States, where generally good networks of electronic agricu
weather stations are available. The two major extension
SEBAL are:(1) modifying the internal procedure to calibrate
energy at the two extreme conditions(i.e., wet and dry cond
tions) utilizing reference ET as predicted by the ASCE stand
ized Penman–Monteith alfalfa-reference ET procedure(EWRI
2002) for the wet condition, and a surface soil layer water bala
based on theFAO-56soil evaporation estimation procedure(Allen
et al. 1998) for the dry condition, and(2) incorporating relativel
complex geometric equations to integrate solar radiation inc
to sloping terrain over 24 h periods. The first extension refine
accuracy for predicting ET from agricultural crops by calibra
the latent heat flux density at the two extreme conditions, a
makes the EB model consistent with the reference crop ET
proach. This style of internal calibration eliminates the need
external atmospheric correction for surface albedo and tem
ture estimation, because the linear calibration function for
sible heat estimation in the energy balance does not carry co
or linear types of error generated during intermediate calcula
into the ET estimate(Tasumi et al. 2003). Use of ETr during
image processing fosters congruency betweenKc values deter
mined from the EB model and traditional ground-basedKc meth-
ods. It also facilitates extrapolation of crop ET between im
dates using intervening weather data(Allen et al. 2002). The sec
ond extension provided for application of the EB model to mo
tainous regions using a digital elevation model(DEM). The EB
model has been tested(Allen et al. 2002; Tasumi et al. 2003) and
applied in Idaho(Morse et al. 2000, 2001; Allen et al. 2003). A
later section provides a comparison of the EB model with ly
eter measurements of ET.

In the EB model, ET is estimated as the residual of an en
balance applied to the land surface for each pixel of the sat
image(e.g., for each 30 m330 m square for Landsat 5 TM a
Landsat 7 ETM+ images)

lE = Rn − H − G s1d

wherelE=latent heat fluxsW m−2d; Rn=net radiationsW m−2d;
H=sensible heat fluxsW m−2d; andG=soil heat fluxsW m−2d.

Net radiation is computed from the land surface radiation
ance as

Rn = s1 − adRs + s«Lin − Loutd s2d

where a=surface albedo; Rs=solar radiation sW m−2d; «
=surface emissivity for accounting for reflectance of incom
longwave radiation at land surface; andLin and Lout= incoming
and outgoing longwave radiationsW m−2d, respectively. Surfac
albedo is determined by integrating at-satellite spectral re
tances in the six short-wave bands of the Landsat image and
applying a correction based on general air transmittance estim
using elevation and humidity(EWRI 2002). Lin is calculated
using air temperature as approximated from satellite-derived
face temperature for a wet agricultural field and using a regio
calibrated air emissivity.Lout is computed as a function of surfa

temperature derived from the satellite image. Surface emissivity
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is computed from vegetation indices derived from two of
short-wave bands. Potential values forRs are determined usin
theoretical clear sky curves(Allen 1996; EWRI 2002).

The normalized difference vegetation index(NDVI ) in the EB
model is calculated using at-satellite reflectances of Bands
4 of Landsat

NDVI =
ref4 − ref3
ref4 + ref3

s3d

where ref3 and ref4=at-satellite reflectances for Bands 3 and
respectively.

Soil heat flux is empirically estimated using a function
Bastiaanssen(2000) based on albedo, surface temperature, ND
and net radiation

G = sTs − 273.16ds0.0038 + 0.0074ad 3 s1 − 0.98NDVI4dRn

s4d

whereTs=surface temperature in Kelvin.
Sensible heat flux in the EB model is estimated from w

speed and surface temperature using an “internally calibr
near surface to air temperature difference function, simila
SEBAL (Bastiaanssen et al. 1998a; Bastiaanssen 2000)

H =
rairCpsa + bTsd

rah
s5d

whererair=air densityskg m−3d; Cp=specific heat capacity of a
s<1,004 J kg−1 K−1d; rah=aerodynamic resistance to heat tra
port ss m−1d; Ts=surface temperature(K); and a and b
=empirical coefficients determined through the internal cal
tion for each satellite image. The term “a+bTs” in the equation
represents the near surface to air temperature differencedT pre-
dicted between a height near the surfaces0.1 md and a height a
about 2 m above the surface. Use of an internally calibratedT
(i.e., gradient) largely compensates for problems caused by
ferences between radiometric and aerodynamic surface tem
ture and the unknown spatial variation in air temperature as
example, described by Moran et al.(1989) and Kustas and No
man(1996). Determination ofrah in Eq. (5) requires iteration fo
air stability corrections applying Monin–Obukhov similar
theory (Bastiaanssen 2000).

The internal calibration of the EB model trains the sur
energy balance to predict ET for the two extreme condition
ferred to as “cold” and “hot” pixels resembling full-cover, we
watered alfalfa and a dry agricultural bare soil, respectively.
ET values for these two conditions are estimated by weather
assisted by the ASCE standardized Penman–Monteith a
reference ET procedure(EWRI 2002) and anFAO-56based wate
balance applied to the surface soil layer(Allen et al. 1998). Val-
ues fordT at these two extreme pixels are back calculated b
on the energy balance, and the empirical coefficientsa andb in
Eq. (5) are determined assuming a linear relation betweendT and
surface temperature. When systematic errors in intermediat
culations(e.g., albedo, surface temperature, net radiation, an
heat flux) occur, the internal calibration process compensate
intermediate errors by deriving a “biased”dT function. This
makes the ET estimate consistent with the expected ET as
dicted by weather data and satellite image data at the two ex
conditions. In contrast to the EB model, SEBAL(Bastiaanssen
al. 1998a) typically usesTs from a local water body as the co
pixel, and definesH and dT for the pixel as zero. The SEBA
defines ET from the hot pixel is zero. The simpler definitions

the two extreme pixels in SEBAL makes the model applicable for
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countries where high-quality weather data are difficult to ob
However, the practice of assumingH=0 at water body temper
ture may cause some error in the estimate ofH and ET for cold
agriculture pixels in arid regions(Tasumi 2003).

Once ET at the moment of the satellite image is estimated
crop coefficientsKcd is calculated for each image pixel as

Kc =
ET

ETr
s6d

where ETr =alfalfa reference ET calculated from local weat
data using the ASCE standardized Penman–Monteith alfalfa
erence method(EWRI 2002) applied hourly.

For horizontal flat surfaces, 24 h ET is estimated by settin
24 h averageKc equal to the “instantaneous”Kc calculated in Eq
(6)

ETs24d = KcETrs24d s7d

TheKc in Eqs.(6) and(7) has also been referred to as ther

fraction sETrFd (Allen et al. 2002, 2003), and has been shown
be relatively consistent during daytime periods and between
average and midday satellite image times(Allen et al. 2002
Trezza 2002; Tasumi 2003; Romero 2003). Additional adjust
ments are applied during the extrapolation ofKc from instanta
neous to 24 h for sloping surfaces. Monthly and seasonalKc and
ET can further be estimated by linearly interpolating theKc val-
ues over periods inbetween two consecutive images.

Sample Comparison of Evapotranspiration and K c
Predictions with Lysimeter Measurements

Crop coefficients and the cumulative ET derived from the sat
based EB model are compared with independent lysim
measured data from the USDA-ARS facility at Kimberly,
(Wright 1982) for a sugar beet crop grown in 1989(Figs. 1 and
2). The lysimeter data were measured by a 1.831.8 m weighing
lysimeter having resolution of about 0.07 mm for daily read

Fig. 1. Comparison ofKc by energy balance model and by lysime
for sugar beets near Kimberly, Id., 1989(unpublished lysimeter da
from Wright, 2000, USDA-ARS, Kimberly, Id.). Cloud levels wer
defined by ratio of measured solar radiation to theoretical clea
solar radiation sRs/Rsod as; “clear sky:” Rs/Rsoù0.85; “partly
cloudy:” 0.7øRs/Rso,0.85; “cloudy:” Rs/Rso,0.7.
(Wright 1991). Nine Landsat images from April to September

96 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE /
1989 were used for the comparison. No cloud-free Landsa
ages were available during August–early September. The
3140 m lysimeter research field was smaller than the minim
requirement of 2403240 m that would ensure at least one
3120 m thermal pixel of Landsat 5 to reside completely in
the field for all images. For this reason, the satellite obse
surface temperatures for pixels over the lysimeter field were
casionally impacted by portions of pixels lying over adjac
plots having dissimilar field conditions and temperature. Ev
transpiration is not estimated with typical accuracy when the
mal pixel over the lysimeter is heavily contaminated by a
outside of the lysimeter field because the EB model relies he
on the thermal band information to solve the energy bala
EstimatedKc for dates having heavy thermal contamination p
lems could not be used for evaluating model accuracy. Resu
these dates are labeled “Kc from EB model(thermal contamina
tion)” in Fig. 1. This type of thermal contamination is not a pr
lem for larger fieldss.10 had, except for about 50 m(Landsat 7)
to 100 m(Landsat 5) strips around the field boundaries.

The predictedKc by the EB model agreed well with the lysi
eter measured values throughout the course of the growing s
as the sugar beet field progressed from bare soil to full c
Overall, the absolute difference between the EB model
lysimeter-derivedKc values averaged 0.05 with the exclusion
the three heavily contaminated dates for the thermal band pi
noted previously. This is considered to be good predictive a
racy. The difference in estimated and lysimeter measured sea
ET (April–September 1989) was only 17 mm(Fig. 2), becaus
ET prediction errors for each image date behaved in a ran
manner and thus provided compensation while integrating
time. Bastiaanssen et al.(2005) provide a summary of error a
uncertainty in ET estimates by SEBAL.

Methodology

The study area is an agricultural area in south central I
known locally as Magic Valley(Fig. 3). Magic Valley has a sem
arid climate with annual precipitation of 280 mm(30 year aver
age). The agriculture relies on irrigation from the Snake R
and regional groundwater systems. Center pivot, wheel line
furrow irrigation are the predominant irrigation systems in
area. The major crops are alfalfa, beans, corn, pasture, po
sugar beets, winter and spring small grains, and peas.

Data input for the EB model included Landsat satellite ima
a DEM, a landuse map, and hourly weather data. In this stud

Fig. 2. Seasonal evapotranspiration(April–September 1989) by
energy balance model and lysimeter measurement for sugar
near Kimberly, Id.(unpublished lysimeter data from Wright 20
USDA-ARS, Kimberly, Id.)
Landsat satellite images(path40/row30) acquired March–October

JANUARY/FEBRUARY 2005
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2000 by either Landsat 5 or 7 satellite were processed. Im
(either Landsat 5 or 7) were available as frequently as ev
8 days, depending on cloud conditions. The 12 image date
lected are March 15, April 8, March 2, June 3, June 19, Ju
July 21, August 14, August 22, September 7, September 15
October 17, 2000. The Landsat overpass time was approxim
10:56 to 11:10 a.m. local standard time. A landuse map fo
corresponding area was derived from the same satellite im
and was used to predict aerodynamic roughness for the te
Weather data were obtained from the Twin Falls AgriMet wea
station (U.S. Bureau of Reclamation), representative of agricu
ture areas, and from the Potter Butte RAWS weather station(U.S.
Bureau of Land Management), representative of deserts surrou
ing the study area(Fig. 3). The ETr was computed as a weight
average of the two stations with 80% weight given to the T
Falls station, determined by considering the locations
landuses surrounding the two weather stations. All weather
were subjected to quality control analyses as described in E
(2002). Using the satellite image with ground truth information
crop type classification map for the Magic Valley agricultu
areas were derived for use in theKc curve analysis. By the cla
sification, about 70% of the agricultural area in the Magic Va
study area encircled by the dotted line in Fig. 3 was classified
one of the following eight crop groups: alfalfa, beans, sugar b
corn, peas, potatoes, spring grain, and winter grain. About 20
the classified fields were omitted from the analysis becau
small field size that prevented sampling of interior pixels.

Crop coefficientssKcd for the 12 image dates were compu
from the ET maps determined by the EB model on a pixe
pixel basis. The Landsat images have spatial resolution of 3
30 m for the shortwave bands, and 60 m(Landsat 7 ETM+) or
120 m(Landsat 5 TM) for the thermal infrared band. The reso
tion of calculatedKc maps are thus 60 or 120 m, as the EB mo
relies on the thermal band information to solve the energy
ance. Theoretically, a minimum field size of 2403240 m is re
quired to ensure that at least one 120 m thermal pixel exists
is purely from the field area. The typical field sizes in the st
area are on the order of 4003400 m–8003800 m. Therefore
the resolutions of the Landsat based ET images are fine eno
permit quantification of ET from most individual agricultu
fields by sampling interiors of fields. Minor fields having si

Fig. 3. Magic Valley agricultural study area(circled by dotted line)
and locations of weather stations
less than 4003400 m were rejected and were not used for the

JOURNAL OF IRRIGATION AND DR
analysis. For all remaining fields, one sample pixel internal to
field was selected, andKc and NDVI values were retrieved for t
analyses.

Finally, Kc curves derived by the EB model for the eight ma
crop types were compared to widely usedKc curves in Idaho b
Allen and Brockway(1983) and by AgriMet(2002b). The Allen
and BrockwayKc curves were based on planting, full cover
harvest dates for various subregions of Idaho representing
term averages, and usedKc curves developed by Wright(1981).
The Kc values were summarized in that report as monthly a
ages. The AgriMetKc curves are also based on Wright(1981) Kc

tables with later refinements by Wright(1995) and by the U.S
Bureau of Reclamation(AgriMet 2002a), with modification by
the Bureau of Reclamation to express theKc curve for the tota
growing period as a function of percentage from emergen
effective full cover and percentage of effective full cover to
mination (i.e., harvest).

Results and Discussion

Characteristics of K c and Vegetation Indices for 3,888
Classified Fields

The distribution of theKc derived by the EB model and the c
responding NDVI values are shown in Figs. 4 and 5 for all c
sified fields for all 12 image dates. The variation inKc among
fields by date was generally greater than that for NDVI due to
impact of soil wetness on individual values forKc. The NDVI is
largely unaffected by soil moisture. During periods of full co
the variation inKc reduced because of the tendency for trans
tion from crops to consume most of the available energy, the
leaving less energy for direct evaporation of soil water. The
ods of highest variation inKc were during the developme
periods and periods of senescence or postharvest where
was less than 0.6(Figs. 4 and 5). Sample means and stand
deviations forKc and NDVI are summarized in Tables 1 and 2
the eight crop categories and 12 image dates.

In general, the standard deviations forKc populations average
about 0.25 during periods of largest variation(periods of crop
development and senescence) and about 0.09 during peak perio
Corresponding values for the coefficient of variation(standard
deviation divided by the mean) averaged about 0.5–0.7 during
periods of large variation and about 0.1 during peak periods

Many of theKc and NDVI distributions approximated norm
distributions and had little skew, especially when sample vari
was small. As sample variance increased, for example during
development, some skewness was evident. The positive ske
the Kc populations during development period reflect those fi
experiencing substantial evaporation due to recent wetting
rigation. Negative skews during full cover reflect the upper l
on ET imposed by energy availability. The averages forKc and
NDVI by date are plotted on the graphs in Figs. 4 and 5.
more symmetrical samples are discernable as those whe
averaged value overlies the peak of the sample distrib
(modal value). During the crop development and senescing p
ods, Kc is strongly impacted by the irrigation practices of in
vidual fields. Also shifts in the planting schedules among fi
appear as a wide range ofKc during the crop development and
harvest periods where the crop condition can dramatically ch
within a short time. The variation inKc caused by differences
planting schedule is directly linked to variation in NDVI. The

fore, one might further investigate the “bandwidth” ofKc for the
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Fig. 4. Distribution of Kc and normalized difference vegetation index for all classified fields in study area for 2000
98 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE / JANUARY/FEBRUARY 2005



Fig. 5. Distribution of Kc and normalized difference vegetation index for all classified fields in study area for 2000
JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE / JANUARY/FEBRUARY 2005 / 99



the
o
this

ed-
and

s in

ut
and

ent
e
ver-
pota

ing
l
as

these
y
uite

s,
odal

iffer-
s and
with

prin-
ight

thod

refer-
e two

B
s,
y the
se by

the
tions

that
com-
ed to
itions

tions
ptable
ay
nopy

Magic

2

same growing stage of a crop by eliminating differences in
planting schedule through shiftingKc curves from each field t
make the peaks of the NDVI curves for all fields the same. In
study, the variance inKc caused by differences in planting sch
ules was retained in order to capture the overall average
variance for actual field management and cultural condition
the study area.

Maximum values forKc for individual fields peaked at abo
1.10 for alfalfa, corn, peas, spring grain, and winter grain,
about 1.05 for beans, potatoes, and sugar beets(Figs. 4 and 5).
Modal values forKc (defined as the value of the 0.01 increm
having the highest occurrence) during periods of full cover wer
close to 1.0 for alfalfa, spring grain, and winter grain, and a
aged 1.04, 1.02, 0.95, 0.94, and 0.97 for corn, peas, bean,
toes, and sugar beets(Table 3). These modal values, represent
the most frequently occurring value, characterize the typicaKc

value for fields at full cover for the image dates when NDVI w
at its maximum or near maximum value. Table 3 compares
modal values with the maximumKc value recommended b
Wright (1981) for the same crops. The modal values are q
similar to the peak values of Wright(1981) except for potatoe
where Wright’s value of 0.78 is much less than the average m
value of 0.94. Some of this difference may be caused by d
ences in modern varieties of potatoes and planting densitie
in impacts of differences between irrigation system types,

Table 1. Means and Standard Deviations of Crop CoefficientsKcd Values
Valley during 2000

Statistics
Image
date Alfalfa Bean

Mean 3/15/00 0.48 0.2

4/8/00 0.52 0.12

5/2/00 0.88 0.10

6/3/00 0.51 0.15

6/19/00 0.90 0.10

7/5/00 0.55 0.32

7/21/00 0.93 0.76

8/14/00 0.67 0.91

8/22/00 0.91 0.83

9/7/00 0.92 0.39

9/15/00 0.77 0.15

10/17/00 0.66 0.20

Standard deviation 3/15/00 0.15 0.

4/8/00 0.17 0.10

5/2/00 0.14 0.10

6/3/00 0.23 0.17

6/19/00 0.12 0.16

7/5/00 0.27 0.23

7/21/00 0.10 0.17

8/14/00 0.28 0.07

8/22/00 0.16 0.18

9/7/00 0.18 0.25

9/15/00 0.25 0.21

10/17/00 0.24 0.20

Number of classified fieldsa 325 432
aClassified fields include only fields having size of 400 m by 400 m
center pivot irrigation being practiced on most potatoes in Magic

100 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE
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Valley during 2000 as compared to less frequent solid-set s
kler irrigation practiced during the measurements by Wr
(1981). It is noted thatKc values derived by Wright(1981) were
based on the 1982 Kimberly Penman alfalfa reference me
(Wright 1982) computed daily, whereas the EB model derivedKcs
were based on the standardized Penman–Monteith alfalfa
ence method computed hourly. Small differences between th
methods have been evaluated and summarized by EWRI(2002).
However, because the same ETr method was used in the E
model calibration and to determineKcs from the sampled field
theKc values obtained from the EB model were not biased b
reference ET method and are thus directly comparable to tho
Wright (1981).

Some of the extremeKc values for individual fields(those
greater than 1.05) were no doubt caused by estimation error of
EB model or may be due to differences in weather condi
within the 120 by 70 km study area. The EB model assumes
the weather condition of entire study area is the same when
puting crop coefficients. This error range has been observ
change with image size and thus variation in weather cond
of the study area. For the study area described here, theKc esti-
mation error caused by the differences in weather condi
across the area is probably less than ±0.05, which is an acce
range of error. Values forKc that fall in the range of 1.0–1.05 m
represent fields that were recently irrigated so that the ca

ed by Satellite Based Energy Balance for 3,888 Classified Fields in

Corn Pea Potato
Sugar
beet

Spring
grain

Winter
grain

0.33 0.18 0.23 0.21 0.20 0.36

0.16 0.08 0.12 0.13 0.07 0.32

0.20 0.36 0.16 0.27 0.35 0.85

0.30 0.91 0.45 0.42 0.92 0.99

0.41 0.99 0.65 0.63 0.94 0.96

0.90 1.03 0.90 0.89 0.93 0.91

1.01 0.91 0.94 0.94 0.60 0.63

1.03 0.45 0.83 0.96 0.25 0.24

1.04 0.32 0.82 0.99 0.22 0.24

0.94 0.27 0.62 0.94 0.29 0.24

0.79 0.22 0.40 0.90 0.26 0.16

0.42 0.28 0.27 0.64 0.33 0.18

0.16 0.16 0.17 0.19 0.17 0.2

0.11 0.11 0.13 0.21 0.09 0.25

0.19 0.23 0.17 0.21 0.20 0.18

0.27 0.17 0.25 0.23 0.09 0.09

0.27 0.14 0.20 0.21 0.11 0.12

0.18 0.10 0.08 0.11 0.11 0.16

0.06 0.16 0.04 0.10 0.13 0.15

0.06 0.18 0.21 0.03 0.17 0.17

0.11 0.20 0.24 0.05 0.18 0.18

0.12 0.18 0.25 0.07 0.21 0.18

0.29 0.22 0.34 0.07 0.25 0.21

0.25 0.19 0.22 0.16 0.25 0.19
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surface is very wet. Under these conditions, theKc is expected t
exceed 1.0 representing the alfalfa reference. This is espe
true for crops like corn that have larger aerodynamic rough
than alfalfa.

Peak values for the estimatedKc averaged over all fields a
included in Table 3. These values are generally lower than m
values due to impacts of some fields having relatively low ND
Averages of the estimated peak values were greater than
values of Wright(1981) for three crops(corn, peas, and potatoe),
essentially equal to Wright(1981) for two crops(sugar beets an

Table 2. Means and Standard Deviations of Normalized Difference

Statistics
Image
date Alfalfa Bean

Mean 3/15/00 0.28 0.13

4/8/00 0.57 0.13

5/2/00 0.78 0.13

6/3/00 0.41 0.12

6/19/00 0.76 0.15

7/5/00 0.49 0.24

7/21/00 0.73 0.51

8/14/00 0.51 0.72

8/22/00 0.65 0.62

9/7/00 0.73 0.33

9/15/00 0.65 0.21

10/17/00 0.56 0.14

Standard deviation 3/15/00 0.09 0.0

4/8/00 0.11 0.06

5/2/00 0.06 0.04

6/3/00 0.15 0.02

6/19/00 0.07 0.03

7/5/00 0.20 0.07

7/21/00 0.11 0.16

8/14/00 0.19 0.07

8/22/00 0.15 0.13

9/7/00 0.17 0.21

9/15/00 0.19 0.12

10/17/00 0.17 0.03

Number of classified fieldsa 325 432
aClassified fields include only fields having size of 400 m by 400 m

Table 3. Modal and Peak Mean Values forKc Derived from Satellite
Based Evapotranspiration Maps and Peak MeanKc from Wright (1981)

Crop

Range in modalKc

from energy balance
(EB) model during
period of effective

full cover

Peak mean
Kcfrom

EB model
Peak meanKc from

Wright (1981)

Alfalfa 0.95–1.02 n/aa 1.0

Bean 0.95 0.91 0.95

Corn 1.02–1.06 1.04 0.95

Pea 1.0–1.05 1.03 0.93

Potato 0.92–0.96 0.94 0.78

Sugar beet 0.95–1.0 0.99 1.0

Spring grain 0.98–1.0 0.94 1.0

Winter grain 0.98–1.02 0.99 1.0
a
Not available.

JOURNAL OF IRRIGATION AND DR
winter grain), and lower than Wright(1981) for two crops(beans
and spring grain). The lower average peakKc for spring grain
may have been partly caused by a wide range in planting d
causing individual fields to reach full cover and then begi
senesce at different times. AlfalfaKc values from the EB mod
were not compared with peak values of Wright(1981) because o
the lowering of averageKc for all image dates, caused by
occurrence of some recently harvested fields being in less
full cover condition on each image date. In general, agree
between the estimated peakKc and Wright(1981) is considered t
be very good. The following sections are a discussion of s
individual crop types regarding Figs. 4 and 5.

Alfalfa
Predominately, only alfalfa fields having four-cutting cycles
year appear in Figs. 4 and 5, although a significant minori
fields in Magic Valley are cut only three times. This bias occu
because of our use of training fields during crop type class
tion having four cuttings. These fields represent the current
in alfalfa management and production in the Magic Valley.
NDVI distribution shows that dates for the first cutting were r
tively uniform in time among fields(Figs. 4 and 5), but becam
less uniform by the third and fourth cuttings, due to the inte
tion of differences in field management and timings of cuttin

Corn and Sugar Beets
Corn and sugar beet fields exhibited relatively consistent N

ation Index for 3,888 Classified Fields in Magic Valley during 2000

Corn Pea Potato
Sugar
beet

Spring
grain

Winter
grain

0.15 0.11 0.12 0.11 0.11 0.2

0.17 0.12 0.13 0.12 0.12 0.42

0.16 0.22 0.13 0.11 0.29 0.68

0.18 0.73 0.21 0.24 0.77 0.80

0.33 0.79 0.47 0.49 0.78 0.77

0.62 0.79 0.76 0.71 0.69 0.62

0.78 0.62 0.80 0.75 0.32 0.30

0.78 0.24 0.72 0.79 0.20 0.20

0.74 0.21 0.64 0.76 0.18 0.17

0.72 0.16 0.49 0.75 0.17 0.16

0.63 0.17 0.37 0.75 0.19 0.17

0.18 0.19 0.16 0.67 0.27 0.20

0.06 0.04 0.05 0.03 0.04 0.

0.07 0.04 0.05 0.02 0.03 0.17

0.05 0.09 0.03 0.03 0.10 0.08

0.09 0.13 0.08 0.09 0.06 0.03

0.11 0.07 0.15 0.14 0.05 0.05

0.13 0.04 0.10 0.09 0.09 0.14

0.06 0.09 0.05 0.08 0.08 0.09

0.04 0.04 0.18 0.03 0.04 0.04

0.07 0.04 0.19 0.03 0.04 0.04

0.12 0.05 0.22 0.05 0.06 0.05

0.21 0.05 0.22 0.05 0.09 0.06

0.07 0.09 0.10 0.05 0.19 0.11
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Fig. 6. Kc versus normalized difference vegetation index for 717 potato fields in study area
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ing periods reflects differences in crop growth among indivi
fields. A very large variation inKc was exhibited during the la
image date October 17. By this date, it is likely that some farm
had already terminated irrigation, causing some reductio
evaporation from soil, while others had not. In addition, muc
the corn crop appears to have been harvested for silage by
ber 17, according to the NDVI. Therefore the wide range inKc

reflects variation in soil wetness or the presence/absence o
etation. The relatively high NDVI on October 17 for nearly
sugar beet fields indicates that the crops were still actively g
ing, but with a reduced rate of transpiration, possibly due to
or temperature effects on the stomatal opening.

Potato and Grains
Potato and grain fields had relatively wide and skewed dist
tions ofKc during the full cover period, while other crops show
relatively normal and symmetrical distributions for the per
This may have been caused by wider variation in the plan
schedules for these crops, or the effect of two or more sub
tially different crop varieties. Potato crops in Magic Valley
characteristically split between early harvested varieties and
harvested varieties. Also potato growth is greatly affected by
tility and physical property of the soil. The wide range in harv
ing is reflected in the wide range in NDVI during the Septem
image dates.

Relationship between K c and Normalized Difference
Vegetation Index

Several studies and applications of remote sensing have
lished relationships betweenKc and NDVI for purposes of map
ping spatial variability inKc (Neale et al. 1989; Bausch and Ne
1989; Bausch 1993, 1995; Choudhury et al. 1994). Most of these
studies predicted primarily the transpiration coefficient or “ba
Kc, because vegetation indices are little impacted by evapor
from soil. Fig. 6 shows a series of relationships betweenKc from
the EB model and NDVI for potato fields throughout the y
2000. As discussed previously in Figs. 4 and 5,Kc and NDVI

Fig. 7. Crop coefficient versus normalized difference vegetation
area of Idaho, for three Landsat dates in crop developing perio
have a clear relation during mid season, but, as expected, no clea

JOURNAL OF IRRIGATION AND DR
-

relation holds during periods having low ground cover du
large ranges in the soil evaporation component. Potato fields
in a bare soil condition on March 15, and therefore NDVI va
were below 0.2 for most fields. However, theKc values varied
from 0 to over 0.6 according to the level of residual surface m
ture from winter, which is impacted by the previous crop
tillage history. The same impact is shown for the April and M
images and for June 3, where effects of pre- or postplanting
gation created a substantial range inKc.

The NDVI andKc show a strong relationship during the per
from June 19 to September 15. During this period, fields ha
high NDVI values also had highKc, because of the frequent ir
gation coupled with high transpiration rates and reduced opp
nity for evaporation from soil. On September 15, a wide rang
Kc occurred in the fields having lower NDVI, because these fi
were likely harvested and therefore ET from such fields dep
only on residual surface moisture. Finally, in the fall(October
17), most fields returned to a bare soil condition, although t
was still a large variation inKc.

The limitation ofKc estimation by NDVI is more clear when
series ofKc versus NDVI relationships are overlaid. Fig. 7 sho
Kc versus NDVI relationships for potato and sugar beet fields
three satellite dates during the crop development period. For
crops, theKc versus NDVI relationship appears as a similar
angular shaped cloud of points, with the minimumKc increasing
as NDVI increases. The bottom line of the triangle is indicate
a “basalKc” in Fig. 7, and explains the contribution of crop tra
spiration in the totalKc. Any point above the “basalKc” line
reflects some contribution of soil evaporation, where the
evaporation portion is independent of NDVI.

From these analysis results, it is clear that the estimation o
for specific fields using a general crop coefficient curve
NDVI-basedKc value is difficult, especially during periods of lo
vegetation cover. During these periods, an energy balanc
estimation model is a useful tool both for estimating the ave
ET of an area, and for estimating ET from individual fields.
Kc distributions during mid-season typically had smaller ran

for 717 potato fields(left) and 516 sugar beet fields(right) in Magic Valley
ring 2000
index
ds du
rwith a more normal type of distribution. Therefore, estimating ET
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from traditional “mean”Kc curves is relatively easier during m
season periods if applied general curves describe the averaKc

for the area of interest. However, if one desires to estimat
from individual fields using meanKc curves, a range of ±0
variation in Kc values appears to exist even during the m
season. Therefore, even if theKc curve perfectly describes t
average values for the area of interest, a ±0.1 error inKc is inevi-
table. The error range in predictedKc would reduce significantly
especially during periods of low vegetation cover, if a duaKc

procedure that predicts the increase inKc caused by a wet so
surface layer were utilized, for example those by Wright(1982)
or Allen et al.(1998, 2005). These types ofKc estimates were n
evaluated during this study due to the lack of knowledge of
gation dates for individual fields.

Comparison of Mean K c Curves from Energy Balance
Model with Traditional K c Curves

Averages of theKc derived by the EB model for all classifi
fields are shown in Fig. 8 along with the generalKc curves o
Allen and Brockway(1983) and AgriMet for year 2000(AgriMet
2002b). The Allen and Brockway curves were developed for
Magic Valley area usingKc tables of Wright(1981), and have
been expressed in terms of monthly averages. The curves
been used by the Idaho Department of Water Resources for e
ating water rights transfers and for planning studies and b
wide water balances. AgriMet curves by the U.S. Bureau of
lamation(AgriMet 2002b) are a source of near-real timeKc and
ET information frequently applied in this region. The basic cu
for AgriMet are based on Wright(1981, 1995) and are typically
adjusted each year using cropping dates based on survey
University extension services and other contacts. Once the
ing dates are determined for each crop, two other dates te
cover date and terminate date are estimated using historica
and the basic curves are adjusted, timewise, based on the
“key” dates. The initially determined curves are occasionally
justed during the cropping season by AgriMet based on repor
field experts(AgriMet 2002a).

The Allen and Brockway curves agreed relatively well w
the EB-determined curves for sugar beet and grain crops
agreed fairly well with those for alfalfa, where theKc curve by
Allen and Brockway was an averaged curve representing a
ture of cutting practices, and for potatoes, although the peaKc

for potatoes derived from the EB model averaged about
higher than that by Allen and Brockway. The curves from A
and Brockway did not agree well for the three other crops(beans
corn, and peas). The good agreement between the satellite der
and Allen and BrockwayKc curves for three to five of eight cro
is surprising when one considers that the Allen and Brock
curves represent long term averages developed in 1983
than specific curves for 2000 as derived from the EB model.
reasons for disagreement between curves for bean, corn, an
fields are unknown, but it is possible that the popular varietie
crops or field management, including planting dates and
spacing, might have changed since 1983.

The AgriMetKc curves agreed well with the ET-determinedKc

curves for alfalfa, bean, corn, potato, and sugar beet crops. A
ment was poor for pea and grain fields. Most differences bet
estimated and AgriMet generalKc curves may have been caus
by nonrepresentative emergence and termination dates us
AgriMet for the particular crops in the Magic Valley area, and
more rapid growth rates and senescence rates predicted b

riMet for peas and grain. In all situations, average peakKc values

104 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING © ASCE
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a

by the EB model were equal to or greater than peakKc values by
AgriMet and Allen and Brockway, indicating that sampled Ma
Valley fields did not suffer reduced ET as compared to the p
tial ET defined by the Wright(1981, 1995) Kc curves. This indi
cates good crop and water management practices in the re

Use of Satellite Based Energy Balance Model to Refine
Emergence, Cover, and Termination Dates for AgriMet
Curves

Fig. 9 shows the averageKc curves by the EB model for th
classified fields along with AgriMetKc curves that were modifie
by adjusting the three “key” dates used in computing dailyKc

values, namely the so-called start/cover/terminate dates o
riMet (2002a). These dates were adjusted to make the Agr
curves better fit the mean curves by the EB model. The ad
ments were applied only to the three key dates, with the re
the curve shape defined by the tabular values in AgriMet
expressKc as a function of percentage time from emergenc
cover and from cover to termination. No adjustment was ma
magnitudes ofKc values or curves. The adjusted key dates
more likely represent the general key dates for the study are
year 2000, if both the EB model derived and the basic AgriMeKc

curves are assumed to be reliable. Following the adjustme
key dates, the AgriMet curves almost perfectly fit the curve
the EB model for most crops, as shown in Fig. 9, with the ex
tion of corn and spring grain.

Table 4 lists original AgriMet key dates for year 2000
adjusted key dates. For alfalfa, the starting date was shift
12 days earlier. For bean and potato fields, AgriMetKc values
agreed well with the EB model derived values without any
justment(see the Fig. 8), therefore impact of adjustment to k
cropping dates was relatively small. The AgriMetKc curve for
corn did not agree well with the estimated curve, even thou
large adjustment to key dates was applied. Corn and spring
were the only crops where an adjusted AgriMet curve could
reproduce the curve derived by the EB model. A large adjust
was applied to dates for the AgriMet pea curve so that the
justed cultivation period was much longer than originally. It in
cates that the cultivation period predicted for the original Agri
curve may have been too short. Peas are often used as a
crop for alfalfa, where alfalfa begins to grow following harves
the peas. However, this combination was not observed inKc from
sampled pea fields, possibly due to limitations by the trainin
used during classifications.

The AgriMet curve for sugar beet crops agreed almost
fectly with the mean estimated curve, after adjustment to an
lier start and later harvest date. This might represent the a
field management practiced by farmers, as farmers tend to
sugar beets longer in order to harvest beets having more
Large adjustments were applied to grain fields. These larg
justments were required because the original AgriMet curve
not describe the slower reduction ofKc observed using the E
model during the late season. The rapid decrement ofKc in the
original AgriMet curves leave some doubt, and the Allen
Blockway curve shown in Fig. 8 might have been more appr
ate for this area.

In this analysis, the results from the EB model were use
refine the three key dates for AgriMet curves. Developing c
plete Kc curves using only EB model results might be a m
straightforward and reliable way to obtain representativeKc

curves for the study area. However, the development of c

must be done postseason or with at least a 1 month delay to

/ JANUARY/FEBRUARY 2005
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Fig. 8. AverageKc by satellite based energy balance model for all classified fields compared with generalKc curves for Twin Falls from Alle
and Brockway(1983), and from AgriMet(2002b)
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Fig. 9. AverageKc by satellite based energy balance model for classified fields compared with AgriMetKc curves adjusted for three key da
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provide for image processing time. Therefore combination o
traditionalKc curve or a curve derived from a previous year us
the EB model with key dates determined by satellite might
useful method for real-time field water management.

Applicability for Humid Regions

An interesting question was posed by a peer reviewer for
paper regarding the applicability of the presented techniqu
humid regions where higher chances of cloudy dates are
pected. This issue is discussed from two aspects; the first a
regards problems caused by reductions in satellite image
ability due to clouds, and the other aspect is the applicabili
satellite-derivedKc curves to periods having cloudy condition

During the period of this study, two Landsat satellites(5 and 7)
both having return periods of 16 days were available. This m
that approximately four image dates per month were poten
available if conditions were clear. Landsat image paths have
than 30% overlap at 43° latitude, where the study area wa
cated, so that more than 60% of the land mass resides with
“overlapping area” between adjacent paths. The overlapping
increases as latitude increases, and vice versa. If the area
terest happens to be in the “overlapped area” of two paths, i
availability doubles, which means the potential availability

Table 4. Original and Adjusted Key Dates for AgriMetKc Curves and
Differences(Days)

Crop Item Start date Cover date
Terminate

date

Alfalfa Originala

Adjusted
Differenceb

1 April
20 March

−12

26 May
26 May

0

—
—
—

Bean Original
Adjusted
Difference

20 June
24 June

4

4 August
31 July

−4

30 August
8 September

9

Corn Original
Adjusted
Difference

10 May
5 June

26

20 July
5 July
−15

14 Septembe
20 Septembe

6

Pea Original
Adjusted
Difference

1 May
25 March

−37

10 June
25 June

15

20 July
18 Septembe

60

Potato Original
Adjusted
Difference

25 May
10 May

−15

20 July
15 July

−5

15 Septembe
10 Septembe

−5

Sugar beet Original
Adjusted
Difference

15 April
10 April

−5

10 July
21 July

11

25 Septembe
14 October

19

Spring grain Original
Adjusted
Difference

15 April
24 April

9

19 June
25 May

−25

20 July
5 August

16

Winter grain Original
Adjusted
Difference

20 March
5 April

16

3 June
25 May

−9

15 July
8 August

24
aAgriMet does not issue original key dates from their web site. T
original dates were analyzed using AgriMet crop evapotranspiration(ET)
data and solving for key dates that reproduced the ET data. Therefo
dates shown might be incorrect by plus-minus 1 day from the a
values. The start date used by AgriMet represents the date of emer
bNegative differences indicate that the adjusted date is earlier tha
original date.
eight image dates(i.e.,Kc values) per month using Landsat. Land-
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t

sat 7 has been out of order since May 2003. Thus, currently,
four image dates per a month are potentially possible for
overlapping areas.

Energy balance based ET estimation methods cannot b
plied with cloudy satellite images. Therefore, the image avail
ity is reduced in humid regions having clouds, and the redu
of image frequency affects the estimation accuracy ofKc or ET
for integrated time periods. However, as long as clear-sky im
are obtainable with a certain frequency(e.g., one image p
month) during the crop cultivating period, one can success
describe the actualKc curves as presented in this paper, espec
for crops having longer developing and full cover periods, suc
corn, potato, sugar beets, and grain crops as shown in Figs.
5. Development of fullKc curves might be difficult if the avai
ability of clear-sky images is less then once per month durin
cultivating period. In such cases, the techniques followed in
paper might be used only as supplemental information, fo
ample, to help determine any time shifting adjustment to t
tional Kc curves or to determine actualKc or ET distributions fo
only dates when clear sky images are available.

OnceKc values are established or calibrated using clea
satellite images, one applies this value to predict ET during i
vening periods including those having cloudy days. Howe
there is some question whetherKc values determined under cle
sky conditions apply to cloudy conditions, due to impac
clouds on stomatal responses and albedo. Figs. 1 and 10
lysimeter observedKc for sugar beet(1989) bean(1974), and corn
(1976) crops at Kimberly, Id., along with calculated “basal”Kc

curves based on Wright(1982) (Fig. 10 only). Some extreme hig
points in theKc graphs are due to wetting events caused by e
rainfall or irrigation. Cloudiness of each day is indicated by
ratio of measured solar radiation to the theoretical clear sky
radiation sRs/Rsod. Kc values under clear sky conditions a
cloudy conditions were similar, especially for sugar beets in 1
(Fig. 1). A simple statistical analysis(F test at the 95% level o
confidence) was applied to the bean and corn data shown in
10 to examine whether the magnitude of difference betwee
served totalKc and the basalKc sKc-Kcbd are affected by cloud
ness. For the analysis, surface soil moisture was simply indi
by three levels; wet, moist, and dry, according to the days
precipitation/irrigation, as actual soil moisture measurem
were not available. There was a slight statistically significant
ference inKc between clear and cloudy conditions for cornsp
=0.05d. However, the overall analysis using the two crops
gether indicated that there was no statistical evidence that c
ness(i.e., Rs/Rso) impactedKc measured for any of the surfa
moisture levels. Therefore, we tentatively conclude that thKc

curves developed using clear sky satellite images are applica
cloudy days in between satellite images, without any adjustm
Future study is recommended on this issue, through experim
designed to investigate this effect and using more crop type

Summary and Conclusions

The actual distribution ofKc over many agricultural fields we
investigated by crop type, using crop evapotranspiration de
from a satellite based EB model.Kc had a strong relation to NDV
during mid season periods. On the other hand, large rangesKc

were observed during early and late growth periods when
were in a nearly bare soil condition. For those field conditions
periods, the EB model is a useful tool for calculatingKc and ET

.

for individual fields. The evaluation of two widely used sets of
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traditional Kc based ET curves in Idaho, one from Allen a
Brockway (1983) and the other from the AgriMet internet bas
system(AgriMet 2002b), show that the traditionalKc curves rep
resent the average field conditions relatively well for some
types, but are quite different for crops where the variety or
actual field management may have changed since the trad
curves were developed. In the last part of this paper, the Agr
Kc curves were adjusted according toKc derived by the EB mode
by determining new values for the three “key” dates used to
struct the crop curves. This simple adjustment worked very
in adjusting AgriMet curves to describe the general field co
tions of the study area.

The satellite based energy balance model appears to be
ful method for evaluating the variation in populations of eva
transpiration and thus crop coefficient. This type of investiga
provides some indication of the type of variation to be expe
among fields of the same crop type. It is also useful for revie
traditional crop curves and crop growth dates, or in develo
“mean” Kc curves that represent the impact of surface wettin
rain and irrigation on theKc curve. Further, one can use the te
nique, for example, to define theKc curve for center pivot system
having high frequency irrigation. It is tentatively conclud
through a statistical analysis for impact of cloudiness, tha
presented techniques are applicable in humid regions also.

Considering that the meanKc curves of Wright(1981, 1995)
were fitted to lysimeter measurements representing high lev
water and agronomic management, and considering the rela
close agreement between the EB derivedKc curves and those
Wright during midseason for nearly 4,000 fields containing e
crops, it does not appear that ET for sampled crops in M
Valley suffer from reduced ET caused by nonideal manage
or field conditions.
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